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Nitrate-dependent ferrous iron [Fe(II)] oxidation (NDFO) is a well-recognized chemolithotrophic pathway in anoxic sediments.
The neutrophilic chemolithoautotrophic enrichment culture KS originally obtained from a freshwater sediment (K. L. Straub,
M. Benz, B. Schink, and F. Widdel, Appl Environ Microbiol 62:1458 –1460, 1996) has been used as a model system to study
NDFO. However, the primary Fe(II) oxidizer in this culture has not been isolated, despite extensive efforts to do so. Here, we
present a metagenomic analysis of this enrichment culture in order to gain insight into electron transfer pathways and the roles
of different bacteria in the culture. We obtained a near-complete genome of the primary Fe(II) oxidizer, a species in the family
Gallionellaceae, and draft genomes from its flanking community members. A search of the putative extracellular electron trans-
fer pathways in these genomes led to the identification of a homolog of the MtoAB complex [a porin-multiheme cytochrome c
system identified in neutrophilic microaerobic Fe(II)-oxidizing Sideroxydans lithotrophicus ES-1] in a Gallionellaceae sp., and
findings of other putative genes involving cytochrome c and multicopper oxidases, such as Cyc2 and OmpB. Genome-enabled
metabolic reconstruction revealed that this Gallionellaceae sp. lacks nitric oxide and nitrous oxide reductase genes and may
partner with flanking populations capable of complete denitrification to avoid toxic metabolite accumulation, which may ex-
plain its resistance to growth in pure culture. This and other revealed interspecies interactions and metabolic interdependencies
in nitrogen and carbon metabolisms may allow these organisms to cooperate effectively to achieve robust chemolithoau-
totrophic NDFO. Overall, the results significantly expand our knowledge of NDFO and suggest a range of genetic targets for fur-
ther exploration.

Iron is the fourth most abundant element in the earth’s crust.
Microbes are important participants in iron redox cycling by

oxidizing ferrous iron [Fe(II)] and reducing ferric iron [Fe(III)].
Both aqueous and solid-phase Fe(II) compounds can serve as an
electron donor for chemolithotrophic Fe(II)-oxidizing bacteria
(FeOB) under both oxic and anoxic conditions. Most FeOB are
affiliated with Proteobacteria, and based on their physiology, they
can be grouped into acidophilic aerobic, neutrophilic microaero-
philic, neutrophilic anaerobic phototrophic, and neutrophilic an-
aerobic nitrate-reducing Fe(II) oxidizers (1).

Nitrate-dependent Fe(II) oxidation (NDFO) under anoxic cir-
cumneutral pH conditions is a well-recognized chemolithotro-
phic pathway in anoxic sediments, contributing to microbe-me-
diated iron redox cycling (2, 3). In 1996, Straub et al. (4) obtained
the first chemolithoautotrophic NDFO enrichment culture from a
freshwater sediment. Although a diverse group of bacteria is ca-
pable of NDFO (1, 5), this enrichment culture (referred to here as
culture KS) is the most robust chemolithoautotrophic NDFO sys-
tem, as it has been grown repeatedly under autotrophic conditions
through numerous transfers over a period of years, and it is one of
the few autotrophic NDFO systems that can completely oxidize
Fe(II) in the uncomplexed form coupled to complete denitrifica-
tion to generate N2. Hence, this culture has been used as a model
system for physiological and geomicrobial studies of NDFO (6–9).

Based on 16S rRNA gene clone libraries, Blöthe and Roden (6)
determined that culture KS was dominated by a bacterium in the
family Gallionellaceae, closely related to Sideroxydans lithotrophi-
cus ES-1, a neutrophilic microaerophilic chemoautolithotrophic
FeOB (10). In addition, phylotypes related to heterotrophic ni-

trate-reducing Comamonas badia, Parvibaculum lavamentivorans,
and Rhodanobacter thiooxidans were also detected in the clone
libraries. Blöthe and Roden (6) were able to isolate the three ni-
trate-reducing heterotrophs and found that they were capable of
only partial (12 to 24%) Fe(II) oxidation. Moreover, the authors
suggested that the Sideroxydans-related bacterium in the family
Gallionellaceae was the primary Fe(II) oxidizer in culture KS.
However, this primary Fe(II) oxidizer has not been grown in pure
culture, despite extensive efforts to isolate it, suggesting an impor-
tant role(s) of the flanking community members in the physiology
of this primary Fe(II) oxidizer.

A number of mechanistic models have been proposed for
NDFO (11), yet the pathway(s) and genes utilized for electron
transfer in chemolithoautotrophic NDFO still largely remain un-
known. At circumneutral pH, oxidized (ferric) iron forms poorly
soluble oxide minerals, which if present within the cell would be
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detrimental to the bacterium. It was suggested that NDFO likely
occurs outside the cell through extracellular electron transfer
(EET) (12), given the culture’s capability to oxidize solid-phase
Fe(II) using nitrate (8, 9). Previously, homologs of the multiheme
cytochrome c (MtrA) and associated porin (MtrB) originally dis-
covered in Shewanella oneidensis in Fe(III) reduction (13) were
proposed for S. lithotrophicus ES-1 as its EET conduit and were
referred to as MtoA and MtoB (for metal oxidation), respectively
(14). MtoAB homologs are also present in a relative of ES-1, Gal-
lionella capsiferriformans ES-2 (15, 16), another neutrophilic mi-
croaerophilic chemoautolithotrophic FeOB in the family Gallion-
ellaceae (10). Given the close phylogenetic relatedness between the
primary Fe(II) oxidizer in culture KS and S. lithotrophicus ES-1
and G. capsiferriformans ES-2, it seems reasonable to speculate
that such a genetic system might also be present in the primary
Fe(II) oxidizer in culture KS. In addition, it is also of interest
whether the flanking members are equipped with the genetic ma-
chinery for EET, since heterotrophs isolated from this culture
were able to partially, although not completely, oxidize Fe(II) (6).

Although a great deal has been learned about culture KS, it has
remained difficult to unambiguously elucidate the metabolism
and physiology at the organism level based on experiments con-
ducted on the enrichment, due to the nature of the mixed culture.
Metagenomic sequencing of microbial community DNA and re-
construction of draft genomes are powerful tools for use in infer-
ring metabolic potential and physiology of member organisms, as
has been demonstrated in both engineered and natural microbial
communities (17, 18). Here, we employed two versions of culture
KS, with independent transfer histories by two laboratories, for
metagenomic analyses. We obtained a near-complete genome
from the Fe(II) oxidizer and draft genomes from the abundant
flanking species. The genome information allowed us to infer met-
abolic potential, search putative electron transfer pathways in-
volved in NDFO, and explore the roles of the flanking community
members and potential interspecies interactions. Along with
these, we discuss a number of interesting genetic features observed
in the genomes and provide insights into their potential physio-
logical roles. We acknowledge that the discussions are based on in
silico analyses and caution the reader that they provide starting
points rather than final answers as to the metabolic functions of
the culture.

MATERIALS AND METHODS
Enrichment cultures. Two versions of culture KS were used in our met-
agenomic analyses. One has been maintained at the University of Tuebin-
gen (Germany), where A. Kappler obtained it from K. L. Straub to study
NDFO (referred to here as KS-Tueb), and the other has been indepen-
dently maintained at the University of Wisconsin, Madison (WI, USA),
since 1998, when E. E. Roden obtained it from K. L. Straub to study
nitrate-dependent oxidation of solid-phase Fe(II) (8) (referred to here as
KS-Mad). A notable difference between these two cultures is that KS-Tueb
has been transferred with a 1% (vol/vol) inoculum, while KS-Mad has
been transferred with a 10% inoculum. For our analyses, both KS-Tueb
and KS-Mad cultures were grown in the year 2012 in a defined bicarbon-
ate-buffered anoxic medium containing 10 mM FeCl2, 4 mM KNO3 or
NaNO3, vitamins, and trace elements, as described previously (6). The
growth medium and incubation conditions were largely the same, except
for some minor differences, including temperature (28°C for KS-Tueb
and 30°C for KS-Mad), pH (6.9 to 7.1 for KS-Tueb and 6.8 for KS-Mad),
nitrate source (NaNO3 for KS-Tueb and KNO3 for KS-Mad), N2/CO2

ratio in the headspace (90/10 for Tueb and 80/20 for KS-Mad), and trans-
fer volume (1% for KS-Tueb and 10% for KS-Mad, as described above).

DNA extraction. The enrichment culture was vigorously shaken for at
least 5 min to detach microbial cells from the iron(III) oxyhydroxides.
The mixture was then allowed to settle for 10 min so that iron(III) oxy-
hydroxides settled down and microbial cells remained in the supernatant
portion. A total of 4 ml of supernatant with microbial cells was collected
and centrifuged at 10,000 � g for 5 min at room temperature to collect a
cell pellet. DNA was extracted from the cell pellet using the PowerSoil
DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA), according to
the manufacturer’s instructions. Duplicate DNA extractions were per-
formed and pooled for shotgun metagenome library construction.

Metagenome sequencing, assembly, and annotation. Shotgun Illu-
mina sequencing was conducted separately on the KS-Mad and KS-Tueb
community DNA. For KS-Mad, an Illumina library was constructed using
the Illumina Nextera tagmentation protocol, without modifications, with
insert sizes ranging from 100 to 530 bp. The sequencing of KS-Mad was
performed on the Illumina HiSeq 2000 platform to generate paired-end
(2 � 100-bp) reads, totaling 11.2 Gbp of raw sequences. For KS-Tueb, an
Illumina library was created using the Ovation Ultralow DR kit from
NuGEN (San Carlos, CA, USA) without modifications, with target insert
sizes of 280 to 320 bp. KS-Tueb was sequenced on the MiSeq platform to
generate paired-end (2 � 250-bp) reads, totaling �1.5 Gbp of raw se-
quences.

Metagenome assembly was performed using the CLC Genomics
Workbench (version 6.02; CLC bio, Inc., Cambridge, MA, USA). For the
KS-Mad metagenome, after quality trimming and length filtration of the
raw reads, the assembly was performed using the k-mer of 63 with scaf-
folding. For the KS-Tueb metagenome, because of the longer read length
(250 bp, compared to 100 bp for KS-Mad), it was expected that the ma-
jority of paired reads would overlap. Therefore, after cutting the adaptor
sequences, we merged paired-end reads into longer fragments prior to
other read quality control (QC) procedures in order to maximize the
overlap and thus the fragment sizes used in the assembly. After merging,
quality trimming and length filtration were performed, and assembly was
conducted using the k-mer of 63 with scaffolding. After assembly, the
average fold coverage of each contig was estimated by mapping reads from
the corresponding metagenome back to its contigs using CLC Genomics
Workbench with 90% coverage and 95% identity cutoffs. All contigs were
uploaded to the Integrated Microbial Genomes with Microbiomes (IMG/
MER) database (http://img.jgi.doe.gov/mer) for gene prediction and
functional annotation (19).

Analysis of essential single-copy genes. To identify essential single-
copy genes, all predicted protein sequences in the metagenome were
searched against the hidden Markov models (HMMs) constructed for a
total of 107 essential single-copy genes, which are conserved in 95% of all
sequenced bacteria (20), by performing hmmsearch (HMMER 3.0, http:
//hmmer.janelia.org), as described by Albertsen et al. (17). Protein se-
quences from the identified essential genes were searched against the
NCBI refseq_protein database using the BLASTP program, and the
BLASTP results were imported to MEGAN (21) for taxonomic assignments
using the lowest common ancestor algorithm, as described by Albertsen et
al. (17). Essential genes assigned to the same taxonomic group were on
contigs with comparable coverage, indicating that they indeed belong to
the same organism. The analysis of essential single-copy genes clearly
indicated the major organism bins and their expected coverage, and this
information greatly facilitated the downstream taxonomic binning.

Taxonomic binning and draft genome recovery. Taxonomic binning
was performed using a combination of methods, including contig fold
coverage (indicative of organism abundance) and G�C content, se-
quence homology, tetranucleotide frequency, and differential fold cover-
age between metagenomes, in order to maximize the binning accuracy
and genome retrieval. For sequence homology-based binning, all protein
sequences were searched against the NCBI refseq_protein database using
the BLASTP program, and the search results were imported to MEGAN
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(21) for taxonomic assignment using the lowest common ancestor algo-
rithm. The putative taxonomy of a contig was determined as the consen-
sus taxon of proteins in that contig (i.e., the taxon to which the majority of
proteins on that contig are assigned). An initial binning was performed on
contigs �3 kbp based on homology and contig coverage and G�C con-
tent. Tetranucleotide frequencies were then calculated and analyzed using
an emergent self-organizing map (ESOM) to verify the initial binning
results and resolve ambiguities (22). Due to the community commonality
and difference between the KS-Mad and KS-Tueb metagenomes, after the
initial binning, contig differential coverage between the two metagenomes
was also used to improve the binning results (17). Differential coverage is
obtained by mapping reads from one metagenome to its own contigs
(self-mapping coverage) and mapping reads from the other metagenome
to contigs of this metagenome (cross-mapping coverage). All read map-
ping was performed with the CLC Genomics Workbench read mapping
tool. The contig differential coverage method confirmed the initial bin-
ning results and also recruited contigs �3 kbp to some of the bins.

Phylogenetic tree construction. We constructed a phylogenetic tree
of conserved phylogenetic markers using the PhyloPhlAn analysis pipe-
line (24) to facilitate the taxonomic assignments of the six recovered draft
genomes. For this analysis, we also included genomes of their close rela-
tives and genomes of some related Fe(II) oxidizers. All protein sequences
translated in silico from these genomes were input to PhyloPhlAn for
extracting and individually aligning the conserved phylogenetic marker
proteins. The alignments were then concatenated for phylogenetic tree
construction using the FastTree algorithm, with default settings, by
PhyloPhlAn.

To construct phylogenetic trees for Cyc2-like proteins and RubisCO,
we included all identified Cyc2-like proteins and RubisCO in both meta-
genomes, as well as related reference genes in the public database. The
protein sequences were aligned with MUSCLE (25) and trimmed to ex-
clude columns that contain gaps for �30% of the included sequences.
Maximum likelihood phylogenetic trees were constructed using PhyML
3.0 (26), with the LG substitution model (27) and the gamma distribution
parameter estimated by PhyML. Bootstrap values were calculated based
on 100 replicates. Trees were visualized with Dendroscope (version
3.2.10) with a midpoint root.

Other bioinformatic analyses. Protein cellular location was predicted
using CELLO version 2.5 (http://cello.life.nctu.edu.tw) (28) and PSORTb
version 3.0 (http://www.psort.org/psortb) (29). The �-barrel structure
of outer membrane proteins was predicted by PRED-TMBB (http:
//bioinformatics.biol.uoa.gr//PRED-TMBB) (30).

Metagenome and draft genome accession numbers. All contigs are
available through IMG (http://img.jgi.doe.gov/m/), with taxon object
identification (ID) 3300002009 and 3300002247 for the KS-Mad and KS-
Tueb metagenomes, respectively. A total of four draft genomes/bins were
recovered in KS-Mad, and two were recovered in KS-Tueb. These draft
genome sequences were submitted to IMG/ER (img.jgi.doe.gov/er) for

annotation with the isolate microbial genome annotation pipeline
(23) and are available with IMG taxon object IDs of 2565956535 to
2565956540.

RESULTS AND DISCUSSION
Community taxonomic composition. Due to the simplicity of
the enrichment communities, �94% of the total reads were as-
sembled into contigs, and the assembled contigs totaled 21.6 Mbp
and 15.0 Mbp for the KS-Mad and KS-Tueb metagenomes, re-
spectively (see sequencing and assembly statistics summary in Ta-
ble S1 in the supplemental material).

We first assessed the community taxonomic composition of
the two cultures using essential single-copy genes that are con-
served in most bacteria for housekeeping functions (20). Essential
single-copy genes recovered in the metagenomes were assigned to
different bins based on their taxonomic assignment by MEGAN
using BLASTP search results and their fold coverage patterns in
the metagenomes, and these bins were further assigned to the level
of family or genus based on the lowest common ancestor (see Fig.
S1 in the supplemental material). Using the average fold coverage
of essential single-copy genes within each bin (see Fig. S1 in the
supplemental material), we estimated the rank abundance of taxa
in the two enrichments (Fig. 1). As expected, the most abundant
bacterium in both cultures belongs to the family Gallionellaceae,
with most of their essential single-copy genes having the best
match to the Gallionella or Sideroxydans genus (see Fig. S1 in the
supplemental material). In KS-Mad, Gallionellaceae (accounting
for 42% of the total community) was flanked by the Rhizobium/
Agrobacterium group (27%), Comamonadaceae (18%), Bradyrhi-
zobium (13%) (Fig. 1a), and a very low level (�0.1%) of Nocar-
dioides, which was detected only by its 16S rRNA gene fragment in
the metagenome (see Table S2 in the supplemental material). In
contrast, KS-Tueb was more strongly dominated by Gallionel-
laceae (accounting for 96% of the total community), flanked by
Rhodanobacter (1%), Bradyrhizobium (1%), and very low levels
(�1%) of Nocardioides, Polaromonas, and Thiobacillus (Fig. 1b).

Among these taxa, Gallionellaceae, Bradyrhizobium, and No-
cardioides were shared between the two communities. Although
species in Comamonadaceae were present in both metagenomes,
their genes were affiliated with Acidovorax/Alicycliphilus/Coma-
monas in KS-Mad, whereas they were affiliated with Polaromonas
in KS-Tueb (see Fig. S1 in the supplemental material). The two
cultures exhibited some differences in their community structure
(Fig. 1), despite the fact that they were propagated from the same
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original enrichment and their growth media were largely the
same. The community differences might be partly attributed to
the potential difference in cell affinity to iron(III) oxyhydroxides,
as DNA extraction might have caused some biases against those
with higher affinities to iron(III) oxyhydroxides. However, to a
large extent, the difference may be due to the different inoculating
volumes (i.e., 1% for KS-Tueb and 10% for KS-Mad). Inactive
cells in the inoculum may decay and provide organic carbon for
cells capable of heterotrophic denitrification (which can be per-
formed by several flanking community members in culture KS
based on their genetic potential, as discussed below). Therefore,
the higher inoculating volume in KS-Mad might have resulted in a
higher proportion of heterotrophic flanking populations in the
community.

Previously, Blöthe and Roden (6) constructed 16S rRNA gene
clone libraries from KS-Mad in 2005 and 2007, respectively, and
determined that KS-Mad was dominated by a bacterium with 95%
identity to S. lithotrophicus ES-1 within the Gallionellaceae family,
followed by three phylotypes that were 94, 96, and 99% identical
to Comamonas badia, Parvibaculum lavamentivorans, and Rhod-
anobacter thiooxidans, respectively. We also compared all 16S
rRNA genes in the metagenomes against the clone libraries (6),
and the 100% identity between the metagenome and clone library
rRNA genes was found only for Gallionellaceae (both KS-Mad and
KS-Tueb versions) and Rhodanobacter (KS-Tueb), whereas other
pairwise comparisons had �96% identity (see Table S2 in the
supplemental material).

Overall, the community comparisons indicate that the Gallio-
nellaceae sp. was conserved with time and with different transfer
histories between laboratories, while the flanking community was
subject to change. This confirms that the Gallionellaceae sp. is the
primary player in nitrate-driven Fe(II) oxidation (6).

Draft genome recovery. We recovered four draft genomes/
bins in KS-Mad and two in KS-Tueb, and their assembly and
annotation statistics are summarized in Table 1. Specifically, for
the KS-Mad metagenome, contigs �3 kbp were binned to taxo-
nomic groups based on a combination of contig G�C content,
fold coverage (see Fig. S2a in the supplemental material), and
homology to reference genomes, and the results were confirmed
with contig tetranucleotide frequency (see Fig. S2b in the supple-
mental material). Four major bins were obtained from the abun-
dant species (see Fig. S2 and further discussion in Text S1 in the
supplemental material). From the consensus of RDP classification
and BLASTN search of their 16S rRNA gene sequences, taxonomic

assignment based on essential single-copy genes (see Fig. S1 in the
supplemental material), and the phylogenetic tree constructed
with conserved phylogenetic markers (see Fig. S3 in the supple-
mental material), the four bins were assigned to the families Gal-
lionellaceae and Comamonadaceae and the genera Bradyrhizobium
and Rhizobium/Agrobacterium (for simplicity referred to here as
Rhizobium), respectively (Table 2).

For KS-Tueb, three initial bins were obtained, with total
lengths of 2.6 Mbp, 520 kbp, and 430 kbp, and were classified to
Gallionellaceae, Bradyrhizobium, and Rhodanobacter, respectively.
The remaining organisms were present at very low abundances
(Fig. 1b) and did not assemble well. The KS-Tueb Bradyrhizobium
sequences are identical to the Bradyrhizobium bin from KS-Mad,
indicating that they are the same strain. Therefore, Bradyrhizo-
bium from KS-Mad is used as the representative of Bradyrhizo-
bium in culture KS, and no additional effort was made to recover
Bradyrhizobium from KS-Tueb. Due to the commonality and dif-
ference in community composition, particularly the predomi-
nance of Gallionellaceae in both metagenomes and the lack of
Rhodanobacter in KS-Mad (Fig. 1), we also tried to bin sequences
�3 kbp based on their differential coverage in combination with
their G�C content and sequence homology. In this way, we ex-
panded the Rhodanobacter draft genome in KS-Tueb to 3.3 Mbp,
and a number of contigs �3 kbp were also unambiguously re-
cruited to the two Gallionellaceae genomes.

The recovery of most (or all) essential single-copy genes (Table
1) indicates that we have recovered most of their genomes, espe-
cially those for Gallionellaceae, Comamonadaceae, and Bradyrhi-
zobium. The KS-Mad and KS-Tueb Gallionellaceae genomes are
nearly identical, except for a few minor differences (see Text S2 in
the supplemental material for details). As we cannot unambigu-
ously determine whether the Gallionellaceae sp. in KS belongs to
either Sideroxydans or Gallionella or represents a novel genus, we
tentatively refer to it as Gallionellaceae sp. in this paper (see Text
S3 in the supplemental material for details on the taxonomy of
Gallionellaceae sp. and the genome-wide comparison to ES-1
and ES-2).

Extracellular electron transfer in Fe(II) oxidation. The high
degrees of genome completeness allow us to reconstruct metabo-
lisms and search for putative genes in Fe(II) oxidation. Table 3
summarizes some key metabolic pathways in the six draft ge-
nomes recovered from culture KS, along with ES-1 and ES-2 for
comparison.

At circumneutral pH, electron transfer likely occurs in the

TABLE 1 Draft genomes recovered from the metagenomes

Draft genome
No. of
contigs

Total
length
(bp)

G�C
content
(%)

Coverage in
KS-Mad
culture (�)a

Coverage in
KS-Tueb
culture (�)a

Recovered essential
single-copy genesb

No. of
protein-coding
genes

No. of
tRNAs

% genes with
function
prediction

Gallionellaceae sp.
(KS-Tueb)

45 2,644,639 60 892 467 106/106 2,480 43 81.85

Gallionellaceae sp.
(KS-Mad)

52 2,639,060 60 892 467 106/106 2,489 43 81.85

Bradyrhizobium sp. 66 7,164,947 64 285 4 105/105 6,831 50 77.49
Comamonadaceae sp. 17 3,410,349 66 402 0 106/106 3,175 42 86.66
Rhizobium composite bin 611 4,909,323 62 469 0 79/105 5,664 37 73.63
Rhodanobacter sp. 2,874 3,256,089 68 0 3 89/105 4,894 27 71.19
a Coverage in KS-Mad was obtained by mapping KS-Mad reads to KS-Mad assembly, and coverage in KS-Tueb was obtained by mapping KS-Tueb reads to KS-Tueb assembly.
b The first number is the number of recovered essential single-copy genes, and the second number is the expected number of essential single-copy genes if the genome is complete.
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periplasm, with reaction products being pumped to the outside,
or it occurs outside the cell (i.e., via extracellular electron transfer
[EET]) to avoid intracellular mineral precipitation (7). EET is also
employed by Fe(III) reducers in order to transfer electrons to
poorly soluble iron minerals. The redox active enzymes in iron
oxidation and reduction are often c-type cytochromes (cytc) (16,
31) and, to a lesser extent, multicopper oxidases (MCO) (32). For
EET to occur, these redox active enzymes need to be able to access
extracellular iron.

There are two general models for EET in Gram-negative bac-
teria. In one model, the redox active enzyme is secreted as an outer
membrane or extracellular protein in order to directly interact
with extracellular iron. Examples include outer membrane multi-
heme cytc (e.g., OmcB, OmcC, OmcE, and OmcS) (33, 34) and
outer membrane multicopper oxidases (including OmpB and
OmpC) in Fe(III)-reducing Geobacter sulfurreducens (32, 35),
as well as an outer membrane cytc (Cyc2) in the acidiphilic
Fe(II) oxidizer Acidithiobacillus ferrooxidans (36).

Therefore, we first searched for genes encoding outer mem-
brane/extracellular cytc and found such a gene in the Gallionel-
laceae and Rhodanobacter genomes (see Fig. S4 in the supplemen-
tal material). In Gallionellaceae sp., this protein is 37 to 44%
identical to Cyc2-like proteins previously found in the ES-1 and
ES-2 genomes (15) and is only �30% identical to Cyc2 from A.
ferrooxidans at the N terminus, whereas the C terminus does not
share any significant homology. In Rhodanobacter sp., this protein
is �23% identical to A. ferrooxidans Cyc2 over the entire length of
the protein. Notably, sequences homologous to Gallionellaceae or
Rhodanobacter Cyc2-like protein are mostly from bacteria known
for Fe(II) oxidation, including Mariprofundus spp., Rhodopseudo-
monas spp., Ferriphaselus sp., Chlorobium ferrooxidans, etc. (see
Fig. S4 in the supplemental material), and these proteins are all
predicted to be outer membrane/extracellular proteins with a con-
served heme-binding motif at the N terminus. An EET system
involving outer membrane Cyc2, periplasmic Cyc1, and inner
membrane alternative complex III (ACIII) was recently identified
in the marine neutrophilic microaerophilic Fe(II) oxidizer
Mariprofundus ferrooxydans PV-1 in Fe(II) oxidation (37). In-
deed, Cyc2 and ACIII are present in all neutrophilic microaero-
philic Fe(II) oxidizers with complete genomes available, including
those of ES-1 and ES-2 (38). However, despite the close phyloge-
netic relatedness to ES-1 and ES-2, Gallionellaceae sp. does not
possess the ACIII gene cluster, nor do any of the flanking members
in culture KS. Therefore, if Cyc2-like protein is involved in EET in
Gallionellaceae sp. and Rhodanobacter sp., they may employ an-
other system in the inner membrane, such as the canonical com-
plex III (bc1 complex), which is present in both Gallionellaceae sp.
and Rhodanobacter sp., to perform the role provided by ACIII.

Homologs of Rhodobacter strain SW2 FoxE protein, a cytc in-
volved in phototrophic Fe(II) oxidation but not associated with
the outer membrane (39), were not found in any of the draft
genomes.

Besides cytc, we also found an outer membrane MCO in the
Gallionellaceae genome (Fig. 2a). It shares homology to G. sul-
furreducens outer membrane protein B (OmpB), which was
loosely associated with the cell outer surface (40) and was required
for the reduction of poorly soluble Fe(III) but not for dissolved
Fe(III) (32). OmpB is a unique MCO, as it contains Fe(III)-bind-
ing motifs (EXXE) and a fibronectin type III domain, which is
often involved in bacterial adhesion, thus possibly playing a role inT
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attaching to Fe(III) (oxyhydr)oxides (32). Likewise, Gallionel-
laceae sp. OmpB-like protein has a fibronectin III domain and two
iron-binding motifs. Notably, OmpB is homologous to manga-
nese oxidase (MofA) from Leptothrix discophora (41), and we also
found OmpB homologs in Fe(II)-oxidizing Leptothrix cholodnii
SP-6 and Ferriphaselus sp. strain R-1 (Fig. 2a). In these cases, ompB
is clustered with a gene encoding a periplasmic cytc-like protein
(Fig. 2a), which might be able to relay electrons to the periplasm,
supporting the hypothesized role of OmpB in EET.

In another general model of EET, instead of being an extracel-
lular or outer membrane protein, the redox active enzyme is se-
creted to the periplasm and embedded into a porin on the outer
membrane to directly or indirectly interact with extracellular iron.
The genes involved in this model were first identified in She-
wanella oneidensis (13). In this Fe(III) reducer, an inner mem-
brane tetraheme cytc (CymA) transfers electrons directly or indi-
rectly to MtrA, a decaheme cytc embedded in MtrB, which is a
porin with 28 transmembrane motifs forming a sheath for MtrA

TABLE 3 Summary of key metabolic pathways in the genomesa

Function ES-1 ES-2
Gallionellaceae
(KS-Tueb)

Gallionellaceae
(KS-Mad) Bradyrhizobium Comamonadaceae Rhizobium Rhodanobacter

Carbon metabolism
CBB reductive pentose phosphate cycle � � � � � � � �

Glycolysis (Embden-Meyerhof pathway) � � � � � � � �

Pyruvate oxidation to acetyl-CoA through
pyruvate dehydrogenase

� � � � � � � �

Citrate cycle (TCA cycle, Krebs cycle) � � � � � � (�) �

Pentose phosphate pathway � � � � � �/�b (�) �

Glyoxylate cycle � � � � � � � �

Nitrogen metabolism
Nitrogen fixation, nitrogen ¡ ammonia � � � � � � � �

Ammonification, nitrate/nitrite ¡ ammonia � � � � � � � �

Nitrification, ammonia ¡ nitrite � � � � � � � �

Denitrification
Nitrate ¡ nitrite � � � � � � (�) �

Nitrite ¡ nitric oxide � � � � � � � (�)
Nitric oxide ¡ nitrous oxide � � � � � � (�) �

Nitrous oxide ¡ nitrogen gas � � � � � � � (�)
Complete denitrification No No No No Yes Yes Yes Yes

Hydrogen metabolism
Group 1, uptake [NiFe]-hydrogenase � � � � � � � �

Group 3, bidirectional cytoplasmic
[NiFe]-hydrogenase

� � � � � � � �

Group 4, H2-evolving, energy-conserving
[NiFe]-hydrogenases

� � � � � � � �

Sulfur metabolism
Assimilatory sulfate reduction � � � � � � � �

Dissimilatory sulfate reduction � � � � � � � �

Thiosulfate oxidation by SOX complex � � � � � � � �

Phosphorus metabolism
Phosphonate transport system � � � � � � � �

Phosphonoacetate degradation � � � � � � � �

High-affinity phosphate transport system � � � � � � � �

Low-affinity phosphate transporters � � � � � � � �

Polyphosphate accumulation and degradation � � � � � � (�) �

Alkaline phosphatase � � � � � � � �

Oxidative phosphorylation
Complex I, NADH:quinone oxidoreductase � � � � � � � �

Complex II, succinate dehydrogenase � � � � � � � �

Complex III, cytochrome bc1 complex � � � � � � � �

Alternative complex III (ACIII) � � � � � � � �

aa3-type cytochrome c oxidase � � � � � � � �

Cytochrome bd ubiquinol oxidase � � � � � � � �

cbb3-type cytochrome c oxidase � � � � � � � �

F-type ATPase � � � � � � � �

V-type ATPase � � � � � � � �

a �, a complete pathway is present; �, a pathway is absent; (�), the missing gene(s) in that pathway was found in the metagenome and can be assigned to that genome based on
fold coverage and sequence homology.
b �/�, the oxidative phase of the pentose phosphate pathway is present, but the nonoxidative phase is absent.
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in the outer membrane. MtrA then shuttles electrons to the outer
membrane decaheme cytc (MtrC), which further transfers elec-
trons to extracellular iron minerals (16, 42). Homologs of MtrAB
complex were also identified in several FeOB, including PioAB in
Rhodopseudomonas palustris TIE-1 (43) and MtoAB in ES-1 and
ES-2 (14–16). This EET system was thus referred to as the porin-
cytochrome model (42). Besides the homologous MtrAB, PioAB,
and MtoAB systems, recently, a different porin-cytochrome c pro-
tein complex (Pcc) was identified in G. sulfurreducens as an EET
conduit in Fe(III) reduction (44). Further, this Pcc system was
identified in a number of bacteria performing redox reactions
involving insoluble substrates or products, which would also re-
quire EET (45).

We searched both metagenomes for homologs of Pcc described
by Liu et al. (44) but did not find any match in the KS organisms.
Homologs of MtoAB in ES-1 and ES-2 were found in Gallionel-
laceae sp., although they are only 37% and 39% identical to MtoA
and 22% and 23% identical to MtoB in ES-1 and ES-2, respec-
tively. In Gallionellaceae sp., MtoA is a periplasmic cytc with 10
heme-binding sites, and MtoB is an outer membrane �-barrel
with 28 transmembrane regions, likely forming a porin (Fig. 2b),
consistent with their hypothesized role in EET. For ES-1 and ES-2,
Shi et al. (16) suggested that a periplasmic cytc (MtoD) encoded in
the same operon as mtoAB relays electrons from MtoA to an inner
membrane cytc (CymA in ES-1 and MtoC in ES-2) encoded in the
same operon (Fig. 2b). Unlike ES-1 and ES-2, the Gallionellaceae
sp. mto operon contains only mtoAB and a gene encoding a small
hypothetical protein. However, downstream of this operon is an-
other three-gene operon encoding two periplasmic cytc (tenta-
tively referred to as Cytc1 and Cytc2) and an inner membrane

protein fused with a cytochrome b561 domain at the N terminus
and a diheme cytc at the C terminus (tentatively referred to as
Cytbc) (Fig. 2b). Given their clustering with mtoAB in the genome
and their predicted cellular locations, cytochromes encoded by
this operon might cooperate with MtoAB in EET: periplasmic
Cytc1 and Cytc2 relay electrons from outer membrane MtoA to
inner membrane Cytbc (Fig. 2b).

We also performed a broader search for gene clusters poten-
tially encoding porin-periplasmic cytc or porin-periplasmic MCO
complexes that were not previously recognized, and we found
interesting cases in Gallionellaceae sp., Bradyrhizobium sp., Coma-
monadaceae sp., and Rhodanobacter sp. in culture KS (see Text S4
and Fig. S5 in the supplemental material for detailed discussion).
These may provide more genetic targets to test in future studies.

Although we identified some candidate genes for EET, some of
which were previously identified in other bacteria, such as Cyc2,
OmpB, and MtoAB, we do not know whether any of these candi-
dates are actually employed in NDFO by culture KS, and we can-
not rule out the possibility that other yet-to-be-identified alterna-
tive mechanisms are employed instead.

Electron transfer in the inner membrane. Quinols (and de-
rivatives) are important inner membrane electron carriers in res-
piration. Gallionellaceae sp. and the flanking species have the ge-
netic machinery to synthesize ubiquinone (UQ). In NDFO, how
the quinone pool is reduced has remained an open question (12).
Under circumneutral pH, the redox potential for the Fe(OH)3/
Fe(II) couple is �0.018 V [assuming 10 mM dissolved Fe(II)],
which is lower than that of the UQ/UQH2 couple (�0.113 V), and
thus electron transfer from Fe(II) to UQ can probably occur with-
out consuming energy. If Cyc2 or OmpB is utilized by Gallionel-

1Ferriphaselus sp. R-1 
(2576789180)

(a)
Geobacter  sulfurreducens PCA
(637126069)

1
 OmpB

1Gallionellaceae sp. 
(2566083011, 2566096051)

1Leptothrix cholodnii SP-6
(641666567)
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Cytc2Cytb

c

2810 1 2 2

281016

Gallionellaceae sp.
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ES-1 
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FIG 2 Gene clusters encoding putative EET enzymes, including outer membrane multicopper oxidase (MCO) homologous to OmpB in G. sulfurreducens (a) and
multiheme cytc (MtoA) with a porin (MtoB) homologous to MtoAB in ES-1 and ES-2 (b). The corresponding hypothesized electron flow is schematically
represented on the right side, with electron flows indicated by yellow arrows, and enzymes labeled in the same color as their coding genes in the gene cluster from
Gallionellaceae sp. on the left. Note that in panel a, bc1 complex genes are not in the same gene cluster that contains ompB but are likely involved in the process.
For each gene cluster, the IMG gene object IDs (OID) for OmpB and MtoB are listed in parentheses. Porins (MtoB) are labeled with green, cytc are labeled with
red, and MCO are labeled with brown. Numbers in cytc-coding genes indicate the number of heme-binding sites, and numbers in the porin-coding genes indicate
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laceae sp., electrons might be transferred to the bc1 complex in the
inner membrane to reduce the quinone pool (Fig. 2a), and this is
further discussed below. If the MtoAB system is utilized, MtoA
might transfer electrons to periplasmic Cytc1 and/or Cytc2, which
relays electrons to inner membrane Cytbc encoded in the same
operon downstream of the mto operon (Fig. 2b). As Cytbc con-
tains a b-type cytochrome, which is often a subunit in quinone-
active enzymes, such as complex I, bc1 complex, and [NiFe]-hy-
drogenase I complex (46), it is plausible that Cytbc is able to pass
electrons to the quinone pool (Fig. 2b), similar to CymA in ES-1
and MtoC in ES-2 (16), although Cytbc is not homologous to
CymA or MtoC.

Reduced ubiquinol could then pass electrons to inner mem-
brane redox enzymes (such as nitrate reductase) in one direction
for energy generation through proton-translocation by the qui-
none cycle, and in the other direction to generate reducing equiv-
alents in the form of NAD(P)H for carbon fixation (Fig. 3). How-
ever, at cytoplasmic pH, the redox potential of the NAD(P)�/
NAD(P)H couple is �0.32 V (47), which is lower than that of
UQ/UQH2, hence requiring an energy-consuming “uphill” elec-
tron transport. This is probably achieved by complex I function-
ing in reverse at the cost of proton motive force (PMF), as
previously proposed for A. ferrooxidans (48) (Fig. 3), alongside a
transhydrogenase capable of interconverting NAD(P)H and
NADH.

The complete oxidative phosphorylation pathway (including
complexes I, II, and III, cytochrome c oxidases, and F-type ATP
synthase) is present in all draft genomes (Table 3). It was previ-
ously reported that ES-1 possesses a canonical complex III (bc1

complex), as well as an alternative complex III (ACIII), whereas
ES-2 only has ACIII to transfer electrons between quinols and
terminal oxidases (15). All draft genomes from culture KS contain
bc1 complex, and none have ACIII. Notably, the Gallionellaceae
genome possesses two copies of bc1 complex, with 79% amino acid
identity to each other, and both copies are predicted to be located
in the inner membrane. Interestingly, these two copies of bc1 com-
plex have the best match to Thiobacillus denitrificans ATCC 25259
(68% identity) and are only remotely homologous to ES-1 (38%
identity). It was previously shown that several A. ferrooxidans

strains also possess two copies of bc1 complex, with one for uphill
electron transport during Fe(II) oxidation, and the other for
downhill electron transport during sulfur oxidation (49). There-
fore, it is likely that the two copies of bc1 complex in Gallionel-
laceae sp. are also specialized in different functions, e.g., reducing
the quinol pool using electrons obtained by the EET system (such
as OmpB [Fig. 2a], Cyc2, or other alternative EET system) and
oxidizing the quinol pool for downstream nitrite reduction (Fig.
3), respectively.

It appears that Gallionellaceae sp. may be able to respire oxy-
gen, as suggested by the presence of the cbb3-type cytochrome c
oxidase, which has a high affinity to oxygen (50, 51). Therefore,
Gallionellaceae sp. might also be a neutrophilic microaerophilic
Fe(II) oxidizer, similar to ES-1 and ES-2. Unlike ES-1 and ES-2,
however, Gallionellaceae sp. lacks cytochrome bd oxidase that di-
rectly transfers electrons from quinols to oxygen. Instead, Gallio-
nellaceae sp. possesses the aa3-type cytochrome c oxidase, which
typically has a low affinity to oxygen and would require high ox-
ygen levels (51, 52). This is not expected for neutrophilic FeOB,
since the chemical oxidation of Fe(II) by oxygen can occur rapidly
under neutral pH if oxygen is present at high concentrations.
Therefore, the aa3-type cytochrome c oxidase might be utilized at
situations other than neutrophilic Fe(II) oxidation.

Nitrogen metabolism. Differing from ES-1, Gallionellaceae sp.
in culture KS does not have nitrogen fixation genes or any am-
monification pathway to convert nitrate or nitrite to ammonia.
Therefore, Gallionellaceae sp. needs to rely on exogenous ammo-
nia for growth, which was provided in the medium (4, 6), and an
ammonia permease and a few amino acid transporter genes are
present in its genome. Interestingly, no nitrogen fixation genes
were detected in other organisms in the metagenomes, including
Bradyrhizobium sp. and Rhizobium sp., whose relatives are known
to be able to fix nitrogen. Instead, Bradyrhizobium sp. and Rhizo-
bium sp. possess NirBD genes to convert nitrite to ammonia.

As a denitrifying culture, dissimilatory nitrate reductase com-
plex (Nar) genes are present in each of the KS organisms to con-
vert nitrate to nitrite. Despite being phylogenetically closely re-
lated to Gallionellaceae sp. in culture KS, ES-1 and ES-2 do not
possess Nar, consistent with their inability to couple nitrate reduc-
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tion to Fe(II) oxidation (15). In addition, Nar genes are also absent
in other publicly available genomes within Gallionellaceae, includ-
ing Ferriphaselus sp. strain R-1 and Ferriphaselus amnicola. This
suggests that NDFO is unique to Gallionellaceae sp. in culture KS
and is not a conserved feature of the Gallionellaceae family.

Nitrite, if accumulated, can rapidly react abiotically with dis-
solved Fe(II) (53), forming precipitates at the cell surface and
leading to periplasmic and eventually cytoplasmic mineralization
(54). Therefore, rapid biological reduction of nitrite may be im-
portant for achieving robust NDFO. Both the copper-type nitrite
reductase (NirK) and the cytochrome cd1-type reductase (NirS)
genes are present in Gallionellaceae sp., and NirS is represented by
two copies with �80% identity to each other. Similarly, Bradyrhi-
zobium sp. and Comamonadaceae sp. have both NirK and NirS,
whereas Rhizobium sp. and Rhodanobacter sp. contain NirK only.
It is interesting to note that nirS is clustered with a gene encoding
a porin-like protein in the Gallionellaceae and Comamonadaceae
genomes (see Fig. S5a in the supplemental material).

Unexpectedly, nitric oxide (NO) and nitrous oxide (N2O) re-
ductase genes are missing in the Gallionellaceae genome. To ex-
clude the possibility that the absence of these genes was due to the
binning process, we searched the entire metagenomes for genes
encoding both cytc-dependent (NorBC) and quinol-dependent
(NorZ) NO reductases, as well as N2O reductase (NosZ). None of
the hits were from Gallionellaceae sp. based on sequence homol-
ogy or fold coverage. This was indeed unexpected, since this en-
richment culture completely converts nitrate to nitrogen gas (6),
and researchers have long assumed that the primary Fe(II) oxi-
dizer was able to carry out the complete denitrification. It is inter-
esting to note that its close relatives ES-1 and ES-2 both have
NorBC genes.

The apparent lack of NO and N2O reductase genes in Gallion-
ellaceae sp. is surprising, since NO is toxic to cells. As the complete
denitrification pathway is present in all flanking species (Table 3),
it is possible that NO and N2O are consumed by these flanking

populations (Fig. 3). Alternatively, as nitrite can react abiotically
with Fe(II) to form N2O at near-neutral pH, with NO as an inter-
mediate (55–57), the detoxification may also be via abiotic chem-
ical reduction of NO, which, if true, is likely to occur outside the
cell to avoid periplasmic mineralization (Fig. 3). However, chem-
ical reduction of NO during nitrite reduction by Fe(II) was sug-
gested to depend on the availability of reactive surface provided by
Fe(III) precipitates and the sorption of Fe(II) to the reactive sur-
face (55–57), and chemical NO reduction occurred only after a
significant amount of Fe(III) precipitates had formed through
Fe(II) oxidation by nitrite (56). Therefore, biological NO reduc-
tion is still important, particularly in the early growth phase, when
the formation of Fe(III) minerals is limited. In addition, the molar
ratio of oxidized Fe(II) to reduced nitrate was ca. 5:1 for culture
KS, indicating that a complete denitrification to form N2 must
have occurred (4, 6). As biological denitrification seems the only
way to form N2 in this system, the flanking populations should
play an important role in consuming NO and particularly N2O,
regardless of whether abiotic NO reduction occurs. Therefore,
Gallionellaceae sp. may partner with these microorganisms to uti-
lize its incomplete denitrification products (Fig. 4), and this might
provide an explanation as to why researchers have not been able to
isolate Gallionellaceae sp., as the Gallionellaceae genome does not
seem to lack pathways for amino acid or essential vitamin biosyn-
thesis. (More discussion on the lack of NO and N2O reductase
genes in Gallionellaceae sp. is provided in Text S5 and Fig. S6 in the
supplemental material.)

Partnering of the Gallionellaceae sp. with heterotrophic flank-
ing populations to achieve complete denitrification requires that
the heterotrophs obtain a source of fixed carbon from Gallionel-
laceae sp. as electron donors (Fig. 4). Previous studies with an
aerobic chemolithoautotrophic FeOB (strain TW2) provided ev-
idence for release of extracellular polymeric substances (EPS),
which played a role in Fe(III) complexation within oxygen-Fe(II)
opposing-gradient cultures (58). Energetics calculations indicated
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that potential FeOB growth yield was likely severalfold in excess of
the observed net growth yield for TW2 (59), suggesting that a
substantial amount of energy was available for the synthesis of
other cellular components (e.g., EPS). An analogous argument
can be made regarding the potential for Gallionellaceae sp. to pro-
vide fixed carbon to flanking heterotrophic populations, since calcu-
lated growth yields for autotrophic Fe(II) oxidation coupled to deni-
trification are only ca. 10% lower than those for microaerobic
oxidation. The Gallionellaceae genome contains clusters of genes
encoding EPS biosynthesis, and the release of EPS may play a role
in avoiding cell encrustation with Fe(III) oxides (see Text S9 in the
supplemental material). The metabolism of EPS produced by Gal-
lionellaceae sp. provides a plausible explanation for a reduction of
denitrification intermediates by heterotrophic bacteria in culture
KS.

Carbon metabolism. Culture KS, as a whole, is chemolithoau-
totrophic, with CO2 being the sole carbon source. As has been
found in ES-1 and ES-2, the Calvin-Benson-Basham (CBB) re-
ductive pentose phosphate pathway is present in the Gallionel-
laceae genome. Compared to ES-1, which has both form II and
form IAq ribulose 1,5-bisphosphate carboxylase/oxygenase
(RubisCO, the key enzyme in the CBB pathway), Gallionellaceae
sp. contains a copy of form II RubisCO (see Fig. S7 in the supple-
mental material). Form II RubisCO has a low affinity to CO2 and
therefore is adapted to high-CO2 and low-O2 environments (60).
We also identified RubisCO genes in some flanking community
members, including Rhizobium sp., Bradyrhizobium sp., and Rho-
danobacter sp. in culture KS, and they mostly contain form IC
RubisCO (see Fig. S7 in the supplemental material). Compared to
form II, form IC is adapted to medium-CO2 and suboxic-O2 en-
vironments (such as soils and root nodules) (60). If these flanking
members do fix CO2 in culture KS, they are also likely conducting
Fe(II) oxidation coupled with denitrification in order to obtain
reducing equivalents and ATP needed for CO2 fixation (Fig. 4).

Notably, RubisCO was not found in the Comamonadaceae ge-
nome. To exclude the possibility of missing this gene due to the
binning process, we searched the entire metagenomes for
RubisCO genes, and based on sequence homology or contig fold
coverage, no RubisCO gene was assigned to Comamonadaceae
species. Besides RubisCO in the draft genomes, the search process
also identified form II RubisCO in Thiobacillus (see Fig. S7 in the
supplemental material), for which a draft genome was not recov-
ered due to its low abundance in the culture (Fig. 1). Other carbon
fixation pathways were not identified in Comamonadaceae sp. ei-
ther, suggesting that Comamonadaceae sp. is an obligate hetero-
troph, like its close relative Acidovorax ebreus TPSY, an anaerobic
nitrate-reducing Fe(II) oxidizer that is unable to fix CO2 and lacks
any known CO2 fixation pathway (61). Therefore, Coma-
monadaceae sp. relies on carbon fixed by autotrophs in the com-
munity for growth (Fig. 4).

Central carbon metabolic pathways, including glycolysis, the
pentose phosphate pathway, and the tricarboxylic acid (TCA) cy-
cle, were present in all draft genomes (Table 3). Transporters for
organic molecules (e.g., amino acids and carbohydrates) are
abundant in Bradyrhizobium sp., Rhizobium sp., and Coma-
monadaceae sp., in contrast with the scarcity of these transporters
in the Gallionellaceae genome (see Table S3 in the supplemental
material). The abundance profile of these transporters suggests
that the flanking community members are generally metabolically
versatile and may utilize diverse organic carbon substrates. This is

consistent with the expectation that the flanking species may uti-
lize organic carbon fixed by Gallionellaceae sp. for complete deni-
trification (Fig. 4).

Whether Gallionellaceae sp. can grow with organic substrates,
such as acetate, is unclear. In its genome, we found a gene encod-
ing acetyl-coenzyme A (CoA) synthetase (ACS), which activates
acetate to acetyl-CoA to be utilized in the TCA cycle. We did not
find the acetate permease (ActP) gene but identified a gene anno-
tated as a proline transporter, which belongs to the same solute:
sodium symporter family as ActP. Just based on bioinformatic
analysis, it is not clear whether this protein also transports acetate.
In addition, a gene annotated as AMP-forming acyl-CoA synthe-
tase belonging to the fatty acid group translocation family (TC:
4.C.1) is present, and its protein is predicted to be associated with
the inner membrane. This gene forms an operon with a gene en-
coding a major facilitator transporter and might be able to trans-
port and activate fatty acids. Nevertheless, genes encoding key
enzymes in the glyoxylate cycle, such as isocitrate lyase and malate
synthase, are missing, and genes for alternate pathways for acetate
assimilation (62–64) are also absent. Therefore, Gallionellaceae sp.
may not be able to fulfill all assimilation needs when acetate is the
sole carbon source, unless the CO2-fixing CBB cycle is also oper-
ating to supplement the assimilation needs by using the CO2,
NADH, and ATP generated from acetate catabolism. In contrast,
genes for the glyoxylate cycle are present in Bradyrhizobium sp., Co-
mamonadaceae sp., and Rhodanobacter sp., likely rendering them
able to grow on acetate, as has been shown in some of their hetero-
trophic nitrate-reducing relatives isolated from culture KS (6).

Hydrogen metabolism. Hydrogenases identified in the KS or-
ganisms all belong to the nickel iron ([NiFe]) type, including
group 1, 3, and 4 [NiFe]-hydrogenases, according to the classifi-
cation by Vignais et al. (46) (Table 3). Gallionellaceae sp. has three
forms of [NiFe]-hydrogenases. First, a group 1 respiratory uptake
hydrogenase capable of generating PMF by oxidizing H2 in the
periplasm is encoded by the hya operon (65). The small and large
subunits of this hydrogenase (HyaAB) are predicted to be
periplasmic proteins based on their sequences, with the small sub-
unit containing a twin-arginine signal motif for translocation (see
Fig. S8a in the supplemental material); their unique genetic arrange-
ment with a porin-coding gene is discussed in Text S6 in the supple-
mental material. Second, a soluble group 3d hydrogenase, catalyzing
the reversible reaction of NAD reduction, is encoded in the hoxS
(hydrogen oxidation, soluble hydrogenase) operon consisting of hox-
FUYH (66), which can reduce NAD� using hydrogen in the cyto-
plasm, providing reducing equivalents for cell growth (see Fig. S8a in
the supplemental material). Third, a group 4 H2-evolving respiratory
[NiFe]-hydrogenase is clustered with formate hydrogenlyase (FHL)
genes in the genome, as part of the FHL complex that catalyzes the
reversible conversion of formate to CO2 and H2 (67, 68). Among the
[NiFe]-hydrogenases from flanking species, Bradyrhizobium sp.
possesses groups 3 and 4, Rhizobium sp. possesses groups 1 and 4,
and Rhodanobacter sp. possesses group 4, whereas no hydrogenase
was identified in the Comamonadaceae genome (Table 3). Experi-
ments are under way to evaluate H2 metabolism by culture KS-Tueb
and pure cultures of Bradyrhizobium, Rhodanobacter, and Nocar-
dioides strains isolated from KS-Tueb.

Other aspects, such as sulfur and phosphorus metabolisms,
strategies to avoid encrustation, and environmental sensing and
chemotaxis responding to oxygen, nitrate, and nitrite, are dis-
cussed in Text S7 to S9 in the supplemental material.
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Overall, our analyses suggest that culture KS microbial com-
munity composition changed over time and differed with inde-
pendent transfer histories. However, the primary Fe(II) oxidizer, a
bacterium in the Gallionellaceae family, remained as the predom-
inant member. The recovered draft genomes allowed us to iden-
tify a number of putative EET genes and enabled us to infer met-
abolic potential and gain new insights from these organisms. For
example, the genome suggests Gallionellaceae sp. has a RubisCO
system with low affinity for CO2, requires ammonia in the envi-
ronment for growth, might be able to use oxygen under microoxic
conditions for Fe(II) oxidation besides nitrate reduction, lacks
NO and N2O reductase genes, and therefore may partner with
flanking populations for complete denitrification. Meanwhile,
Gallionellaceae sp. may provide the flanking members with or-
ganic carbon for complete denitrification. These potential inter-
species interactions and metabolic interdependencies among
culture KS organisms may allow them to cooperate effectively
to achieve robust chemolithoautotrophic NDFO as a whole.
Therefore, our results significantly expand our knowledge of
the metabolic diversity of FeOB, provide new insights into
chemolithoautotrophic NDFO, and suggest a range of new tar-
gets for genomics-based analysis of the evolutionary relation-
ships, molecular mechanisms, and environmental regulation
of Fe(II)-oxidizing chemolithotrophs.
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